The concentrations and ratios of cocaine, benzoylecgonine (BE), and ecgoninemethylester (EME) in 360 head hair segments and 34 pubic hair samples collected at coroner's postmortem examinations were reviewed. The cases included diverse histories and causes/circumstances of death. The hair was analyzed using a validated method published previously; hair was shampoo washed, solvent washed, followed by extraction using 0.1 M hydrochloric acid and SPE clean-up, and quantitative analysis by gas chromatography-mass spectrometry in selected ion monitoring mode. A statistical evaluation demonstrated that, in head hair, the respective lower, middle, and upper concentration (ng/mg) ranges were < 10 ng total-0.8, > 0.8-18.9, and > 18.9-384.7 cocaine; < 10 ng total-0.6, > 0.6-7.9, and > 7.9-142.2 BE; and < 10 ng total-0.3, > 0.3-0.9, and > 0.9-39.5 EME. In pubic hair, the concentrations (ng/mg) detected were 0.2-236.2 cocaine, < 10 ng total-74.0 BE, and < 10 ng total-3.2 EME. The BE/cocaine ratio range in head hair was 0.01-43.00 (mean 1.39, median 0.28), and in pubic hair it was 0.31-2.67 (mean 0.59, median 0.31). The EME/cocaine ratio in head hair ranged from < 0.01 to 0.46 (mean 0.04, median 0.02), and in pubic hair, it ranged from < 0.01 to 0.32 (mean 0.07, median 0.04). Results reported as < 10 ng total were above the limit of detection and below the limit of quantitation (LOQ) (LOQ = 0.2 ng/mg for 50 mg of hair).
Introduction
Cocaine is a highly addictive drug with potent central nervous system stimulant properties; its abuse is a widespread problem in many countries. The cardiovascular complications associated with cocaine use are well known (1) . Cocaine use is also associated with a variety of noncardiac complications including psychological and psychiatric, neurological, renal, pulmonary, gastrointestinal, obstetrical, and otolaryngological problems (2) . Both cardiac and noncardiac problems associated with cocaine are due to chronic use of the drug. Hair analysis can be used to demonstrate long-term drug use and changes in pattern of drug use over time (3) .
Cocaine is metabolized to benzoylecgonine (BE) by human carboxylesterase-1 (hCE-1) and to ecgoninemethylester (EME) by pseudocholinesterase and human carboxylesterase-2 (hCE-2). BE and EME can also be formed from cocaine by in vitro degradation. When cocaine is administered with ethyl alcohol, cocaethylene is formed by transesterification with hCE-1 in the body (3, 4) .
There are little data in the literature concerning the concentrations of cocaine and its metabolites found in hair from subjects using/abusing the drug. The data presented here have been accumulated from routine coroner's cases where analysis of hair has been used to help investigate the death. Routine analysis for drugs was also carried out in blood, urine, vitreous humor, and gastric contents (biofluids) for these cases. It is the largest review of data from users of cocaine and will provide reference data to aid the interpretation of hair analysis.
The distribution of the concentrations and the metaboliteto-parent drug ratios of cocaine and its metabolites in head or pubic hair collected at postmortem was reviewed. Pubic hair was only submitted when head hair was not available; therefore, the samples were not paired. Samples were not exclusively from known cocaine users, but included hair from cases with various histories and causes/circumstances of death.
Reference concentrations for cocaine, BE, and EME for low, medium, and high usage were proposed according to statistical evaluation as suggested by Jurado et al. (5) as cited by Pragst and Balikova (3) .
The ratio of metabolite-to-parent drug has been used as one criterion to discriminate false-positive results due to environmental contamination. The Society of Hair Testing (SOHT) suggested that a ratio of the concentration of BE-to-cocaine above 0.05 (BE/cocaine > 0.05) is needed to prove ingestion of cocaine (6) . It is possible for cocaine to degrade to BE and/or EME during sample preparation, so it is necessary to examine the ratios with a laboratory's own data.
The metabolite-to-parent drug ratios of cocaine and its metabolites were determined and compared with those from previous studies (7) (8) (9) . The ratios were investigated to determine if they could distinguish between drug ingestion and environmental contamination.
Samples
Hair samples were submitted from cases selected by HM Coroners. A protocol for hair collection was issued to pathologists and mortuary staff (10) . This stated the hair was to be collected before the autopsy, and head hair was to be collected from the posterior vertex of the head and was to be cut as close to the scalp as possible. The hair was wrapped in foil and stored at room temperature until required.
In all, 399 hair samples collected from postmortem cases were analyzed from 2004 to 2007. A total of 184 head hair samples and 34 pubic hair samples were positive for cocaine and/or metabolites. The causes/circumstances of death for the cocaine-positive cases varied widely and included cut wrist/ neck, train collision, road traffic accidents, drowning, gunshot wound, fall from height, stabbing, fire death, assault, cardiac event, and excited delirium. The 184 head hair samples produced 360 segments of various lengths for analysis. The pubic hair samples were not segmented. More than 95% of the hair samples submitted and analyzed were mid to dark brown in color. Cocaine use was known or suspected for less than 20% cases analyzed. Cocaine was detected in the biofluids for less than 50% of the cases in which cocaine was detected in the hair.
Decontamination
Hair segments/samples were thoroughly shampoo washed which removed most surface contamination prior to solvent washing, including blood and drug residue on the hair surface (11) . Therefore, any positive solvent washes were due to extensive contamination. Samples in which cocaine was detected in the decontamination solvent washes were not included in the data reviewed.
Method of analysis
The method was developed specifically for the analysis of hair submitted from HM Coroners, as often in such work the case history can be incomplete and only limited sample is available. Hair from known drug users was used to develop the analysis. The method produces maximum data from limited hair samples and is in routine use for analysis of hair from HM Coroners cases (10) . The method simultaneously detects and quantifies the opioids and amphetamines in addition to cocainics, using gas chromatography-mass spectrometry (GC-MS) in selected ion monitoring (SIM) mode. A full screen for other drugs including antidepressants and antipsychotics is also carried out by using the GC-MS in full scan mode. The additional information obtained using this method is often important for interpretation. The solid-phase extraction (SPE) and GC-MS method parameters were fully validated and used to analyze all the hair samples presented here (12) .
In summary, the hair samples were examined and segmented according to the case history and amount of hair submitted for analysis. The samples were firstly shampoo washed then solvent washed with dichloromethane (DCM) then propan-2-ol (IPA), cut into 1-2-mm clippings, weighed accurately (ca. 50 mg), and hydrolyzed overnight using 0.1 M hydrochloric acid.
The hair extract was adjusted to pH 7, and SPE was carried out using mixed-mode cartridges. The extracts were subjected to dual derivatization allowing the formation of both acetylated and silyl derivatives for a full drug screen. The samples were analyzed alongside calibration standards of spiked drug-free hair.
Analysis was performed using a Hewlett-Packard 6890/5973 GC-MS system (12) . The MS was operated in SIM mode for quantification of the cocainics, monitoring 3 m/z ions for each compound. The limit of quantification (LOQ) for cocaine, EME, BE and cocaethylene was 10 ng total/sample (typically 0.2 ng/mg for 50 mg hair sample) and the limit of detection (LOD) was set as a peak signal-to-noise ratio above 3 (S/N ≥ 3). Results below the LOQ, but above the LOD were reported as < 10 ng total.
Results
Data from 184 head hair samples (divided into 360 segments) and 34 pubic hair samples were analyzed. Figure 1 shows the distribution of combinations of cocaine and its metabolites detected in the samples. In head hair (A), cocaine alone (no metabolites) was detected in 23% of segments, BE alone in 3% of segments, cocaine with BE in 39% of segments, and cocaine with BE and EME in 35% of segments. In pubic hair (B), the frequency of detection was cocaine alone 3%, BE alone 0%, cocaine with BE, 59% and cocaine with BE and EME 38%. There were no segments of head hair or pubic hair samples which had cocaine with EME only. Cocaethylene was detected in 31% of the head hair segments and 67% of pubic hair samples in various combinations with cocaine, BE, and EME (concentration range < 10 ng total-13.8 ng/mg).
The concentrations of cocaine, BE, and EME found in the head hair segments and pubic hair samples are presented as percentile ranges in Tables I and II , respectively. The mean concentrations of cocaine, BE, and EME were 19.7, 8.9, and 1.4 ng/mg, respectively, in head hair. The mean concentrations of cocaine, BE, and EME in pubic hair were 19.4, 6.1, and 1.0 ng/mg, respectively. In head hair, the median concentrations were 4.0 ng/mg for cocaine (range < 10 ng total-384.7), 2.5 ng/mg for BE (range < 10 ng total-142.2), and 0.5 ng/mg for EME (range < 10 ng total-39.5). In pubic hair, the median concentrations were 2.6 ng/mg for cocaine (range 0.2-236.2), 2.0 ng/mg for BE (range < 10 ng total-74.0), and 0.7 ng/mg for EME (range < 10 ng total-3.2). Both the mean and median concentrations in head hair were higher than those in pubic hair, but ANOVA statistical evaluation showed no significant difference between them (p > 0.05). However, there were only 34 pubic hair samples analyzed, and more data are needed to evaluate the pubic hair cocaine concentrations in the same manner as the head hair results.
The concentration ranges for cocaine, BE, and EME were defined into lower, middle, and upper ranges using the classification suggested by Jurado et al. (5) as cited by Pragst and Balikova (3), which were also used to classify concentration ranges for 6-monoacetylmorphine (6-MAM) and morphine in hair from heroin users (13) . The lower concentration range is the minimum to the 25th percentile, the middle concentration range is the 25th to 75th percentile, and the upper concentration range is the 75th percentile to maximum concentration. For head hair, using this classification for the present data review, the lower range for cocaine was < 10 ng total-0.8 ng/mg, the middle range was > 0.8-18.9 ng/mg and the upper range was > 18.9-384.7 ng/mg. The lower range for BE was < 10 ng total-0.6 ng/mg, the middle range was > 0.6-7.9 ng/mg, and upper range was > 7.9-142.2 ng/mg. The lower, middle, and upper ranges for EME were < 10 ng total-0.3 ng/mg, > 0.3-0.9 ng/mg, and > 0.9-39.5 ng/mg, respectively. Figure 2 shows the distribution of the concentration ratios of BE-to-cocaine (BE/cocaine) (A) and EME-to-cocaine (EME/cocaine) (B) in both types of hair. There were 82 head hair segments which were cocaine-positive and BE-negative, and 11 segments which were cocaine-negative and BE-positive samples; the data from these segments could not be used for metabolite/parent drug ratios. In total, 267 segments (from 140 cases) and 33 pubic hair samples were examined for the BE/cocaine ratio. For the EME/cocaine ratio, 127 segments (from 71 cases) and 12 pubic hair samples were examined. Table III shows the data obtained for this data review. The BE/cocaine ratio (expressed as mean ± standard error) was 1.39 ± 0.25 in head hair and 0.59 ± 0.12 in pubic hair. The EME/cocaine ratio (expressed as mean ± standard error) was 0.04 ± 0.01 in head hair and 0.07 ± 0.03 in pubic hair. In order to exclude the influence of the extreme concentrations, median ratios were considered more appropriate. The median ratio of BE/cocaine was 0.28 (range 0.01-43.00) for head hair and 0.31 (range 0.10-2.67) for pubic hair. The median ratio of EME/cocaine was 0.02 (range < 0.01-0.46) for head hair and 0.04 (range < 0.01-0.32) for pubic hair. Table III also shows the comparison of these ratios with ratio data obtained from other studies.
The comparison with other studies (7) (8) (9) showed that the median ratio in the data reported here did not differ significantly from those reported previously. The range of the median BE/cocaine ratio from the other studies shown varied from 0.11 to 0.30, whereas the median BE/cocaine ratio for the data reported here was 0.28 in head hair and 0.31 in pubic hair. The median EME/cocaine ratios from the studies of Bourland et al. (8) (0.02) and Politi et al. (9) (0.03) were comparable to the median EME/cocaine ratio in head and pubic hair from the postmortem hair data. Table IV shows the cocaine concentrations in head hair and BE/cocaine ratio range within the lower, middle, and upper cocaine ranges. The number of segments for each range of co- caine is also shown. In head hair, the median BE/cocaine ratios ranged from 0.20 to 0.50 in the low, middle, and upper cocaine concentrations, but the middle range showed the least variation in BE/cocaine ratios. The distribution of the BE/cocaine and EME/cocaine ratios in hair segments for individual cases was examined. The BE/cocaine ratios in head hair segments (from proximal to distal end) from 27 cases and the EME/cocaine ratios in head hair segments from 11 cases are shown in Figure 3 . The ratios did not show any pattern from proximal to distal segments in the cases.
Table I. Concentrations (ng/mg) of Cocaine (n = 349), BE (n = 281), and EME (n = 127) in Head Hair Segments from Postmortem Cases

Discussion
The prevalent metabolite in both head hair and pubic hair was BE, as shown in Figure 1 , which was expected as BE is the main metabolite of cocaine in the body (4). However, in 23% of head hair segments cocaine was detected without metabolites, suggesting the possibility of incorporation from sweat, where parent drugs are predominant over metabolites (14) (15) (16) , and/or environmental exposure to smoke and/or powder (17) . The hair segments with cocaine (no metabolites) had concentrations ranging from < 10 ng total-14.1 ng/mg. As the cocaine concentration is typically higher than the BE concentration in head hair, it is possible that BE was present below the LOD in hair segments with cocaine concentrations near the LOQ. For these data, when cocaine was detected without metabolites, it was reported that only previous exposure to cocaine was confirmed. As stated previously, samples that resulted in a positive decontamination wash (cocaine detected in the solvent wash) indicated excessive environmental contamination and were excluded from the data review. However, analysis of decontamination washes show only recent environmental contamination. Romano et al. (18) detected cocaine in head hair weeks after initial contamination (from laboratory experiments) even after repeated washes. If the cocaine concentration was extremely high the possibility of environmental contamination was always added to the report, regardless of the BE and EME concentrations. Only 11 segments (3%) from the data studied had concentrations above 100 ng/mg, and this amount was considered to be unusually high.
There were 11 head hair segments with BE only. It is possible that these samples were subject to conditions that caused the cocaine to degrade to BE. For example, in one case, the deceased's hair had been exposed to river water for an extended period after drowning, which may have caused extensive cocaine degradation.
Cocaine is not only metabolized to BE and EME in vivo but in vitro hydrolysis can cause the breakdown of cocaine to BE and EME (19) . Cocaine can be broken down to BE and EME during extraction procedures depending on pH conditions and temperature (20, 21) . For the analytical method used here, initial studies have suggested that the production of BE and EME from cocaine is negligible (< 1% breakdown) and further studies are ongoing.
Cocaethylene is considered a definitive marker to demonstrate cocaine ingestion if present because it is formed only in the body after co-ingestion with ethanol. The comparatively low detection frequency for cocaethylene in the current data review of 31% in head hair is in accord with a finding in a previous study on volunteers with ethanol in their blood where approximately 17% of intravenous injected cocaine was converted to cocaethylene (22) .
One of the major questions asked is whether the results of the quantitative hair analysis can indicate the amount of drug used. In a previous study, it was proposed to classify concentrations of 6-MAM/morphine into reference ranges and use this to suggest the level of drug use (13) . Three studies have shown that as the dose of cocaine increased, the concentration of cocaine in hair also increased. Ferko et al. (23) carried out studies using rats and concluded that it was possible to Figure 2 . Distribution of BE/cocaine ratios (A) and EME/cocaine ratios (B) in head hair segments and pubic hair samples.
correlate the concentrations of cocaine and BE found in hair with the doses of cocaine that were administered; RoperoMiller et al. (24) concluded that mean peak concentrations in hair after low dosing were half the concentration observed after high-dose administration; Scheidweiler et al. (25) concluded that their study demonstrated dose-related concentrations of cocaine and metabolites in human hair following controlled cocaine administration. Based on these results, the classification of cocaine concentrations in head hair is proposed here to be used as a general guide to indicate the level of cocaine use. In Table I , the lower, middle, and upper concentration ranges for cocaine, BE, and EME were proposed according to statistical evaluation. We suggest that these reference ranges can give an indication of the amount of cocaine used: the lower range corresponding to low or occasional use (e.g., once or twice per week), the middle range to regular or habitual use (e.g., daily use), and the upper range corresponds to heavy or excessive use. Although this classification cannot determine the precise dose, time, or duration of cocaine use, it does give an estimate of the intake of cocaine over time. The classification is suggested to give guidelines for general interpretation while remembering interpretation should always take in to consideration all aspects of the individual case.
The SOHT suggested that the ratio of BE/cocaine be greater than 0.05 in order to prove ingestion of cocaine (6) . There is no advised value for the EME/cocaine ratio. The ratios from our data review as well as other studies were highly variable and included those outside the threshold (7) (8) (9) 26) . The BE/cocaine ratio in head hair from this data review showed a large range from 0.01 to 43.00, with 22 segments of the head hair samples having a ratio less than 0.05 (range 0.01-0.05). Cairns et al. (26) reported a BE/cocaine ratio range of 0.015-0.51 in a clinical population of 75 demonstrated cocaine users. They suggested that cocaine users can produce hair concentrations of less than 5% BE, and proposed a BE cut-off concentration rather than a ratio could be considered as a criterion to confirm cocaine ingestion (26) .
The median and minimum BE/cocaine and EME/cocaine ratios in this data review were in the same range as those found in three previous studies (7) (8) (9) . Two of the studies, Bourland et al. (8) and Politi et al. (9) used the same extraction method as used for the data presented here (extraction using 0.1 M HCl), while Pichini et al. (7) used a methanolic extraction method. The ratios of BE/cocaine and EME/cocaine in head hair showed irregular patterns from proximal to distal segments in the presented data. These variable patterns could be due to variation in the metabolism of cocaine in the body and/or variation in its degradation.
It is possible that variable concentrations and ratios of cocaine and its metabolites may be partly due to degradation of cocaine after its incorporation into hair, although there are little data in the literature to demonstrate this.
In order to interpret drug concentrations in hair, many factors need to be considered in addition to the drug and metabolite concentrations. These factors include individual variation of hair growth rate, melanin content in hair, genetic variation of metabolism, and others and the external environment (e.g., cosmetic hair treatment, passive drug smoking, etc.) (3, 27) . As recovery and stability of drugs in hair can be affected by sample preparation and extraction conditions (21, 28) it is recommended that every laboratory should verify its decision making criteria with its own method. However, data from authentic hair samples/cases, as presented here, can be a useful aid to distinguish between low and high concentrations of cocaine in hair. 
